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DOEAbstract The main objective of the present work was to reduce the higher NOx emission of a sta-
tionary engine fueled with diesel with less increase in smoke density and compare the results with
that of crude rice bran oil methyl ester (CRBME). Design of experiments method was employed
to design the experiments and Taguchi’s L9 orthogonal array was used to conduct the engine tests.
Experiment results were analyzed by calculating multi response signal-to-noise ratio (MRSN) and
the optimum combination level of factors for the chosen objective was obtained simultaneously
using Taguchi’s parametric design. Variance of the MRSN ratio was analyzed through analysis
of variance method and the most inﬂuencing factor for the chosen objective was obtained for diesel
and compared with CRBME. Conﬁrmation experiment was conducted for the obtained optimum
combination level of factors and the results were compared with normal operating conditions.
 2014 Production and hosting by Elsevier B.V. on behalf of Ain Shams University.1. Introduction
Diesel engines emit higher NOx emission than gasoline engines
due to the presence of high concentration of the local oxygen
molecules [1]. Several methods were attempted to reduce the
higher NOx emission of diesel engines and signiﬁcant improve-ment was achieved [2–8]. Biodiesel, a renewable fuel which is
considered as an alternative to diesel fuel has advanced signif-
icantly in the past two decades [9–16] and it shows signiﬁcant
reduction in pollutants compared to diesel. However its NOx
emission is higher than diesel since it has oxygen in its molec-
ular structure. Along with excess air inducted during intake
stroke of the diesel engine, this fuel born oxygen increases
the availability of oxygen in the combustion chamber to form
nitric oxide. NOx reduction of diesel engine has been
attempted by many researchers by either modiﬁcation of
combustion process or the treatment of exhaust gases [17]. In
the former method retardation of fuel injection timing, exhaust
gas recirculation (EGR), fuel additives and water injection
techniques are employed to prevent the NOx formation [1]
while the latter method was carried out with the help of
Table 1 Properties of CRBME compared with diesel.
Fuel property Diesel CRBME ASTM D 6751-07b
Viscosity at 40 C (mm2/s) 3.522 4.03 1.9–6
Flash point (C) 70 169 130 min
Caloriﬁc value (kJ/kg) 43356 38,853 38912.7
Distillation temperature T90 (C) 335 345 360 max
Speciﬁc gravity 0.8 0.89 0.88
Table 2 Factors inﬂuencing the objective with chosen levels.
Factor no. Factors inﬂuencing
the objective
Level of factors
1 2 3
1 Injection timing Standard timing Advanced timing (by 2.5 CA) Retarded timing (by 2.5 CA)
2 Percentage of EGR 0 10 15
3 Injection pressure Normal pressure (200–210) bar (220–230) bar (240–250) bar
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[18–22]. Only when the emission standards were not met by
combustion process modiﬁcation (which is also the most eco-
nomical method) alone, the NOx reduction through exhaust
gas treatment can be considered [17]. Researches conducted
to reduce the NOx emission of diesel engine through retarda-
tion of fuel injection timing and EGR concluded that the
decrease in NOx emission was achieved by increase in smoke
emission and decrease in thermal efﬁciency. When these tech-
niques were applied on diesel engine fueled with biodiesel
and its blends similar conclusions were obtained [23–29]. It
was [30] reported that for a retardation of 3 crank angle
(CA) NOx emission of biodiesel reduced signiﬁcantly with
drastic increase in smoke emission. For the same retardation
angle Tsolakis et al. achieved 16% reduction in NOx with
20% increase in smoke emission for rapeseed methyl ester.
Cooled EGR has been proved to be a very effective NOx
reduction technique [17] which reduces the peak ﬂame temper-
ature and oxygen partial pressure in the initial part of the ﬂame
and reduces the, NOx formation [31]. Earlier research work on
biodiesel with 15% EGR achieved a NOx reduction of 74%
with 20% increase in smoke [30].It was also reported that
increasing the EGR by more than 15% will result in increase
in smoke emission and fuel consumption [26]. These results
indicate that there is a need for optimized parameters to reduce
the NOx emissions with less sacriﬁce on smoke emission and
thermal efﬁciency.
Earlier research work by the author on optimization of
NOx emission of diesel [32] used response chart and vari-
ance of NOx, smoke density and brake thermal efﬁciency.
Attempt was also made by the author to optimize the
NOx emission crude rice bran oil methyl ester (CRBME)
by calculating multi response signal to noise ratio (MRSN)
ratio for normalized loss function of response variables
(NOx, smoke density and brake thermal efﬁciency) [33]. In
the present work tests were conducted with diesel and the
obtained optimization results were compared with that of
CRBME. The various properties of CRBME and diesel
compared with ASTM D 6751-07b standards are given in
Table 1.
The main objective of the work was to ﬁnd an optimum
combination of injection timing, percentage EGR and fuelinjection pressure in reducing the NOx emission of diesel with
minimal effect on smoke emission and brake thermal efﬁciency
and to compare the obtained results with that of CRBME.
2. Experimental program
2.1. Taguchi design
Design of Experiments (DOE) method was employed to design
the experiments to be conducted on the engine. For the formu-
lated problem, the fuel injection timing, percentage EGR and
fuel injection pressure were considered as the major factors
inﬂuencing the objective. To critically examine the effects of
selected factors on the chosen objective, three levels were
chosen in each factor.
2.1.1. Selection of levels of factors
The levels of the factors were chosen based on the earlier
research work conducted with those factors individually. For
fuel injection timing, retarded and advanced fuel injection tim-
ing was taken as 2.5 CA. Further increase in the timing will
increase the smoke emission and NOx emission for retarded
and advanced timing respectively [24]. Hence for the fuel injec-
tion timing, standard injection timing, advance and retarded
angle of 2.5 CA are the three levels of the factors. For EGR
0%, 10% and 15% have been chosen as the three levels of
the factors. Earlier research work on stationary diesel engine
with various injection pressures suggested that till 250 bar of
injection pressure the performance of the engine operation
was smooth [34]. Hence maximum fuel injection pressure was
ﬁxed as 250 bar and within that two more levels were chosen
including the standard one. The three levels of the chosen
factors are given in Table 2.
2.1.2. Taguchi Orthogonal Array (OA)
In full factorial experiment, to test the three factors at three
levels the number of experiments will be 33 = 27. In order to
reduce the number of experiments to be conducted, experi-
ments were designed by using Taguchi Orthogonal Array
(OA) technique. For more than two numbers of three level fac-
tors the recommended OA is L9 [35] which are given in Table 3.
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tion timing), column 2 the levels of factor 2 (percentage EGR)
and column 3 the levels of factor 3 (fuel injection pressure).
2.2. Experimental setup
A schematic of the experimental set-up is shown in Fig. 1. The
technical speciﬁcations of the engine used in the investigation
are given in Table 4. A swinging ﬁeld electrical dynamometer
was used to apply the load on the engine. The electrical dyna-
mometer consisted of a 5-kVA AC alternator (220 V,
1500 rpm) mounted on bearings and on a rigid frame for the
swinging ﬁeld type loading. The output power was obtained
by accurately measuring the reaction torque by a strain gauge
type load cell. A water rheostat with an adjustable depth of
immersion electrode was provided to dissipate the power
generated.
2.2.1. EGR system
The schematic diagram of the cooled EGR system is shown in
Fig. 1. A piping arrangement connects the exhaust pipe and
inlet air ﬂow passage. The length of the piping arrangement
was 8 m and the starting point of the arrangement in the
exhaust pipe was 10 m away from the engine. This reduces
the temperature of the exhaust gases approximately equal to
that of the ambient air without any additional cooling arrange-
ment. The ﬂow rate of the exhaust gases through the pipe was
controlled by a control valve. This control valve regulates the
exhaust gases and the mixture of fresh air and exhaust gases
were sent to the inlet manifold. The temperature of the mixture
was measured by using a K type thermocouple. Pressure differ-
ence in the ‘U’ tube manometer was used to obtain the volume
of air replaced by exhaust gases from which the percentage
EGR was calculated in volume basis [29,36]. Percentage
EGR was calculated using Eq. (1)
Percentage EGR ¼ volume of air without EGR volume of air with EGR
volume of air without EGR
 100
ð1Þ2.2.2. Injection timing and injection pressure
Injection timing was changed by changing the thickness of
advance shim. The spring tension of the injector needle with
setting screw was varied to get the different fuel injection
pressure.
2.3. Testing procedure
Tests were conducted on the engine fueled with diesel with the
selected factors at different levels to determine the effect on
NOx emissions. The engine was operated nine times with the
combinations of the different levels of the inﬂuencing factors
as given in Table 3. Two replicates were conducted for each
trial and the order of the trial was selected randomly. The tests
were conducted at a constant speed of 1500 rpm. In each trial,
the engine was tested at various loads starting from no load to
full load and at each load the responses (NOx emission in ppm,
smoke concentration in mg/m3, mass ﬂow rate of fuel in kg/s)
were measured. NOx emission was measured with MRU 1600
exhaust gas analyzer and the smoke concentration wasmeasured with AVL smoke meter. The technical speciﬁcations
of the exhaust gas analyzer are given in Table 5.
2.4. Error analysis
The maximum possible errors associated with various mea-
surements and in the calculation of performance parameters
were estimated by using the method proposed by Moffat
[37]. From the minimum values of measured output (speed
in rpm, time taken for fuel consumption in sec and torque in
N-m) and the accuracy of the instrument, the maximum possi-
ble error in the calculation of brake thermal efﬁciency was esti-
mated to be 0.33%. The maximum possible errors in the
measurement of smoke concentration and NOx emission are
±5% as determined from the speciﬁcations of the analyzers.
3. Analysis of data
Obtained responses for each trial with diesel at different load-
ing conditions were analyzed to get a result for the formulated
problem.
3.1. Optimization
Multi response signal to noise ratio (MRSN) was calculated to
obtain the optimum combination of factors level for the
formulated problem. Three variables (NOx emission, smoke
density and brake thermal efﬁciency) have been chosen as
the response variables of the problem. The procedure
employed in the optimization process is discussed below.
3.1.1. Loss function
Loss function is the difference between the target values of the
responses and the measured value of the responses. As per the
Taguchi categorization of response variables, smaller the bet-
ter principle is considered to minimize the NOx emission and
smoke intensity. For the brake thermal efﬁciency larger the
better principle is considered to maximize it. For each response
variable, the corresponding loss function can be expressed as
given by Rose [35]. Since the measured units of the response
variables were different, the loss function was normalized in
the range between zero and one [35].
3.1.2. Assigning weighting
In multi response optimization, the relative importance of the
each response variable on the set objective, with respect to oth-
ers, will be ﬁxed by means of the weighting factor. By including
the weighting factor, the total loss function (TLi) can be
expressed as given in Eq. (2)
TLi ¼
Xm
i¼1
wisij ð2Þ
where wi is the weighting factor for the ith response variable
and m is the number of response variables. If equal importance
is given to all the response variables, the weighting factors will
have equal value so that the sum of weighting factors is 1. For
unequal importance of response variables any combination
can be chosen with sum as 1. The most inﬂuencing factor in
achieving the objective for the chosen combination of the
Figure 1 Layout of experimental setup.
Table 3 L9 Orthogonal Array (OA) [35].
Trial no. Column 1 Column 2 Column 3
1 1 1 1
2 1 2 2
3 1 3 3
4 2 1 2
5 2 2 3
6 2 3 1
7 3 1 3
8 3 2 1
9 3 3 2
Table 4 Speciﬁcations of engine.
Make Kirloskar
Model TAF 1
Type Direct injection, air cooled
Bore · stroke (mm) 87.5 · 110
Compression ratio 17.5:1
Cubic capacity 0.661 L
Rated power 4.4 kW
Rated speed 1500 rpm
Start of injection 23.4 bTDC
Injector operating pressure 200–205 bar
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(ANOVA).
The main objective of the present work was to reduce the
NOx emission of diesel with minimum sacriﬁce on smoke emis-
sions and brake thermal efﬁciency. Hence higher weightage has
to be assigned to NOx emission when compared to the other
two. Earlier research work on optimization process suggested
0.4(w1), 0.3(w2) and 0.3(w3) were weighting factors for the
response variables NOx, smoke density and brake thermal
efﬁciency respectively [33] and the optimization of diesel was
done with these combination of weighting factors. At thiscombination of weighting factor the optimum combination
level of the inﬂuencing factors and the most inﬂuencing factor
in achieving the objective for diesel was obtained and the same
was compared with that of CRBME.
3.1.3. MRSN ratio
Multi response signal to noise ratio (MRSN) was calculated
from the total loss function by using Eq. (3) [35].
MRSN ¼ 10 logðTLiÞ ð3Þ
Optimal level of combinations for the obtained MRSN
ratio was determined by following Taguchi parametric design.
Variance of the MRSN ratio was analyzed through analysis of
variance (ANOVA) and from the results of ANOVA, the
percentage contribution of each factor and also the most inﬂu-
encing factor on the chosen objective at no load, part load and
full load was found out.
3.2. Veriﬁcation
After conducting the conﬁrmation experiment with the
optimum combination, the improvement in the response vari-
able was veriﬁed by comparing it with the normal operating
conditions.
4. Results and discussion
4.1. MRSN ratio
Table 6 shows the MRSN ratio for the experiments conducted
with diesel and the same is compared with that of CRBME.
From the table the combination which has the maximum
MRSN ratio will be taken as the best combination among
the nine in achieving the objective. It can be seen that that
the experiment number 7 and 5 are the best combination
among the nine for diesel and CRBME respectively. Taguchi
parametric design was employed for this MRSN ratio to get
the optimum combination of the factor levels for the chosen
objective. ANOVA was employed to analyze the obtained
MRSN ratio of diesel and CRBME blend.
Table 7 shows the factor effects on measured response
variables for diesel and compared with CRBME. The level
which has the higher value when compared with other two
levels is the optimum level for the each factor. It was observed
that ﬁrst level of injection timing, second level of percentage
EGR and third level of injection pressure has higher value
when compared with other levels for both diesel and CRBME
and hence that levels(1-2-3) were taken as the optimum level
for diesel and CRBME.
4.2. ANOVA
Table 8 shows the results of the ANOVA of MRSN ratio of
diesel and CRBME. From the table the percentage contribu-
tion (P) of all factors on the set objective can be observed. It
can be seen that the fuel injection pressure is the most
inﬂuencing factor on the set objective for both the fuels since
its percentage contribution is higher than the other two. Fuel
injection pressure inﬂuences the droplet size and the rate of
fuel vaporization and hence the complete combustion. As a
Table 6 MRSN ratio for diesel and CRBME.
Fuel Exp no. Loss function (Lij) Normalization (sij) Weighting (wisij) TLi MRSN ratio
NOx Smoke BTE
Diesel 1 450523.9 5158.48 0.000889 0.67 0.46 0.94 0.27 0.14 0.28 0.69 0.16
2 488402.4 7468.96 0.000947 0.62 0.32 1.00 0.25 0.10 0.30 0.64 0.19
3 408385 13957.64 0.000926 0.74 0.17 0.98 0.29 0.05 0.29 0.64 0.19
4 873137 2365.96 0.000923 0.34 1.00 0.97 0.14 0.30 0.29 0.73 0.14
5 300809.8 17354.32 0.000903 1.00 0.14 0.95 0.40 0.04 0.29 0.73 0.14
6 551754.4 3116.2 0.000817 0.55 0.76 0.86 0.22 0.23 0.26 0.70 0.15
7 503315.6 8147.6 0.000796 0.60 0.29 0.84 0.24 0.09 0.25 0.58 0.24
8 312878.9 6636.2 0.000929 0.96 0.36 0.98 0.38 0.11 0.29 0.79 0.10
9 305609 13162.32 0.000862 0.98 0.18 0.91 0.39 0.05 0.27 0.72 0.14
CRBME 1 537375.5 11015.5 0.000917 0.44 0.47 0.99 0.18 0.14 0.30 0.61 0.21
2 397108 17346.98 0.000856 0.60 0.30 0.92 0.24 0.09 0.28 0.60 0.21
3 348619.4 61757.32 0.000853 0.68 0.08 0.92 0.27 0.03 0.28 0.57 0.24
4 715816 5200 0.000879 0.33 1.00 0.95 0.13 0.30 0.28 0.72 0.15
5 582936.6 11339.16 0.00082 0.41 0.46 0.88 0.16 0.14 0.27 0.56 0.25
6 502976.4 5334.23 0.000853 0.47 0.97 0.92 0.19 0.29 0.28 0.76 0.12
7 403719.2 12349.56 0.000928 0.59 0.42 1.00 0.23 0.13 0.30 0.66 0.18
8 236391 29882.88 0.000817 1.00 0.17 0.88 0.40 0.05 0.26 0.72 0.14
9 262212.4 26431.27 0.00079 0.90 0.20 0.85 0.36 0.06 0.26 0.68 0.17
Table 5 Speciﬁcations of exhaust gas analyzer.
Exhaust gases
Oxygen (O2) Carbon monoxide (CO) Nitrogen oxide (NOx) HydroCarbon (HC)
Measuring Ranges 0–25.0 vol% 0–20.0% 0–2000 ppm 0–20,000 ppm n-hexane
Precision ±3% ±5% Of measured value
Resolution 0.01% 0.01% 1 ppm
Make MRU Delta 1600 L
Response time T95 15 s
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increase and smoke density will decrease. Complete combus-
tion also increases the NOx emission. It was inferred that
change of fuel injection pressure has an effect on all the
response variables which shows its principal role in achieving
the objective.
It can also be seen that the injection pressure contributes
higher percentage for CRBME when compared to diesel in
achieving the objective. This is due to the higher viscosity of
CRBME than petroleum diesel as indicated in Table 1. This
indicates the sensitivity of CRBME to injection pressure for
better fuel atomization and change in the fuel injection pres-
sure causes an adverse effect on the combustion of CRBME
and hence on the response variables. It was observed that fuel
injection timing has considerable effect on the chosen objective
since its contribution is signiﬁcant for both the fuels. Injection
of fuel in the cylinder at a required pressure and temperature
of air is depends upon the fuel injection timing which has an
effect on the burned gas temperature. This change in burned
gas temperature has an effect on both NOx and smoke emis-
sion. At higher temperature NOx emission is more with
reduced smoke and vice versa. Reduction in peak combustion
temperature reduces the availability of heat for conversion into
useful work which has an effect on brake thermal efﬁciency.
When compared with fuel injection pressure, fuel injection
timing also has a considerable effect on the entire responsevariable and its inﬂuence on the set objective is vital as
obtained through ANOVA.
It was also observed that injection timing inﬂuenced higher
percentage for CRBME when compared to diesel in achieving
the objective. Oxygen present in the CRBME initiates the com-
bustion process earlier than diesel which leads to a signiﬁcant
effect on both NOx and smoke emission. This effect can be
reduced by modifying the fuel injection timing for CRBME
and hence the inﬂuence of injection timing on the objective is
more for CRBME when compared to diesel.
It can also be observed that EGR has minimum effect on
the objective for both the fuels since its percentage contribu-
tion is very low when compared with the other two. EGR con-
tributes higher percentage for diesel when compared to
CRBME. Recycling a portion of exhaust gases decreases the
oxygen availability in the combustion chamber during com-
bustion. Since CRBME contains oxygen in its structure
decrease in oxygen availability as a result of EGR is less which
reduces its contribution on the objective. It is well known that
EGR is an effective method in NOx reduction for diesel and
biodiesel. However its combined effect along with injection
timing and injection pressure on the objective (NOx reduction
with less effect on smoke emission and brake thermal efﬁ-
ciency) is less as obtained through MRSN ratio and ANOVA.
It is clear from Table 8 that the error contributes signiﬁcant
percentage which indicates the inﬂuence of factors other than
Table 9 Effect of optimization on response variables for diesel and CRBME.
Normal operating conditions Optimized conditions % Change
NOx (ppm) Smoke
(mg/m3)
BTE (%) Combination NOx
(ppm)
Smoke
(mg/m3)
BTE (%) NOx
(Decrease)
Smoke
(Increase)
BTE
671.2 71.8 16.8 1-2-3 630 78 16.32 6.2 8.6 2.7 (Decrease)
733.03 28.5 16.4 1-2-3 633.2 29.2 16.9 13.6 2.4 3.3 (Increase)
Table 8 Results of ANOVA of MRSN ratio for diesel and CRBME.
Factor SS DF MSF P
Diesel Injection timing (SSf) 0.0026 2 0.0013 0.20
Percentage EGR (SSf) 0.0017 2 0.0009 0.14
Injection pressure (SSf) 0.0039 2 0.0019 0.31
Error (SSe) 0.0045 2 0.0023 0.36
Total (SST) 0.0127 8
CRBME Injection timing (SSf) 0.0063 2 0.0031 0.38
Percentage EGR (SSf) 0.0013 2 0.0006 0.08
Injection pressure (SSf) 0.0065 2 0.0033 0.39
Error (SSe) 0.0025 2 0.00122 0.15
Total (SST) 0.0165 8
Table 7 Factor effects on response variables for diesel and CRBME.
Fuel Factors Level 1 Level 2 Level 3
Diesel Injection timing 0.18 0.14 0.16
Percentage EGR 0.18 0.37 0.16
Injection pressure 0.14 0.16 0.19
CRBME Injection timing 0.22 0.17 0.17
Percentage EGR 0.18 0.51 0.18
Injection pressure 0.16 0.18 0.22
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inlet temperature of air, temperature inside the engine cylinder
and the availability of oxygen. These factors may inﬂuence on
the combustion of the mixture and reﬂected on the error con-
tribution on the objective. This percentage is higher for diesel
than that of CRBME. Since CRBME contains oxygen in its
structure combustion will be better when compared to diesel
which reduces the inﬂuence of other factors on the
combustion.
4.3. Conﬁrmation experiment
Optimum combination level of factors obtained for diesel
through MRSN ratio and Taguchi parametric design was con-
ﬁrmed by conducting experiments and the response variables of
optimum combination have been compared with the response
variables of the experiments conducted with the normal operat-
ing condition. Table 9 shows the response variables for diesel at
the optimized condition by comparing the same with the vari-
ables of normal operating condition. Table 9 also compares the
results of diesel with the results of CRBME at the optimized
and normal operating condition. It can be seen that brake ther-
mal efﬁciency decreased as a result of this combined effect for
diesel while the same increased for CRBME. This increase inbrake thermal efﬁciency for CRBME was due to the re-burning
of unburnt hydrocarbons present in the EGR [27]. As a result
of insufﬁcient oxygen, the re-burning of unburnt hydrocarbons
may be incomplete for diesel which reduced the thermal efﬁ-
ciency of the engine. Recycling a portion of exhaust gases
reduces the maximum gas temperature attained in the cylinder
and it decreases the NOx formation. The increase in smoke
emission as a result of this reduced temperature was minimized
by increased fuel injection pressure. It can be seen that percent-
age NOx reduction is higher for CRBME when compared to
diesel and the same was achieved with less increase in smoke
emission. The percentage decrease in NOx emission of
CRBME obtained in the present investigation was comparable
with that of earlier results obtained with retarded fuel injection
alone and the percentage increase in smoke density of CRBME
was very much lower than the earlier results obtained with
retarded fuel injection and EGR individually [29,30].
5. Conclusion
In the present work the optimum combination of injection tim-
ing, percentage EGR and fuel injection pressure in reducing
the NOx emission was arrived for diesel by calculating MRSN
ratio and the obtained MRSN ratio was analyzed through
Comparison of inﬂuencing factors of diesel with crude rice bran oil 1247ANOVA method and compared with CRBME. From the
results of the ANOVA and factor effects the following conclu-
sions are drawn.
i. Fuel injection pressure is the most inﬂuencing factor for
both diesel and CRBME in reducing NOx emission with
minimum increase in smoke density and thermal
efﬁciency.
ii. Percentage contribution of injection pressure on the
objective is higher for CRBME than diesel.
iii. Fuel injection timing has signiﬁcant inﬂuence on the
objective next to the fuel injection pressure and it inﬂu-
ences more for CRBME when compared to diesel.
iv. Percentage EGR has lesser effect on the set objective for
both the fuels however it contributes more for diesel
than CRBME.
v. Inﬂuence of factors other than the injection timing,
EGR and injection pressure is more for diesel than
CRBME.
vi. Standard injection timing with 10% EGR with 240–
250 bar injection pressure will be the optimum combina-
tion for diesel and CRBME for the reduction of NOx
emission with less effect on smoke intensity and brake
thermal efﬁciency.
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